The 3D heat conduction numerical model is proposed for analyzing the opeartion of rotary kilns used in the production of cement. The usefulness of this model in solving an inverse diagnostic problem and compiling a map of significant defects is demonstrated.
Introduction
Thermal process modeling is widely used in the development of rotary kilns used in cement production [1, 2] . In most models, at least in Russia, only a 1D or even one-point geometry is being used. However, simulating multi-dimensional thermal events becomes increasingly important due to growing use of IR thermography in monitoring kiln surface and evaluating kiln technical conditions [3] .
We believe that a proper mathematical model of kiln inspection, along with the corresponding software, is indispensable in modern technology. Our earlier computer program was able to simulate a temperature distribution on both internal and external kiln surface, in particular, in the clinker area that is the most dangerous from a 'thermal' point of view [4] . This model included phenomena of heat conduction through a layered kiln shell and production of clinker (figure1).
The following factors were taken into account:
 convection and radiation on external surface,  heat conduction within kiln shell;  convection and radiation in the interaction between the internal kiln surface and the gas that flows inside a kiln,  kiln rotation,  mechanical motion of a raw product.
Results and discussion
The object (kiln) was represented as a set of Dirikhle cells constructed in the cylindrical 3D coordinates ( z r   geometry) [5] . The heat energy equations written for all cells formed the model of thermal processes within a kiln. Mathematically, the problem was reduced to solving a system of linear equations [6] . A more detailed description of the algorithm is given in [4] .
The heat exchange between the kiln shell and flowing gas is modeled by using the known criteria of similarity (Nusselt's and Reynolds' criteria). Clinker motion speed and viscosity are determined by kiln inclination, as well as by kiln rotation speed [2] . These assumptions allowed simplifying the 3D model in order to obtain numerical results with longer time steps.
The analysis of thermal fluxes in both radial and axial directions has shown that, in a nondefect area, as well as in defect areas of large size, radial thermal fluxes dominate over lateral heat fluxes. Hence, a simplified 2D ( z r  ) model can be introduced for kilns without defects or having defects of large size. In such model, only radial conductance was taken into account. The equivalent electrical circuit for the k-th cross-section is shown in figure 2 .
Here: U 0 is the ambient temperature, U 1 -the temperature of the kiln external surface, U 2 and U 3 are the temperatures on the boundaries between kiln layers, U 4 is the temperature of the external surface, U 5 is the clinker temperature, U 6 is the gas temperature, T 0 is the clinker temperature in the k+1-th cross-section, С 0 -С 7 are the thermal resistances between respective points.
This simplified model has also allowed solving the corresponding inverse problem, i.e. determining internal temperature by introducing in the solution values of external temperature that are experimentally measured by an IR thermographic device. The solution was first performed for the point with a maximum value of k and then, consequently, for the next points with decreasing values of k. In each point, the temperatures U 0 and U 6 , as well as all thermal resistances except С 3, were considered as known. Both resistance C 3 and internal kiln radius were found as a result of computations.
In figure 3 , there is the internal surface profile crossing the area with a defect that extends from Point #32 up to Point #56. The defect extension is 60 o . The selected profile crosses the defect in the middle. The results in figure 4 show the temperature distributions by the z-axis that correspond to the profile above and have been calculated by using both 3D and 2D models.
It is well seen from figure 4 that, in the non-defect area, temperature values are practically identical (data scatter not higher than 2 o C). However, data scatter in the defect area is considerable being explained with the fact that there is no heat conduction along both  z and   coordinate within the kiln case. Figure 5 presents the results of temperature visualization for the external surface obtained for the same input data by using both models. The image on the left shows the 3D distribution, the right image corresponds to the 2D model. The discrepancy between the two images is significant along defect boundaries.
The correctness of calculations was also verified by introducing 3D data into the inverse solution as input data.
In figure 6 , there are two profiles presented: the original profile of the internal surface (solid line) and the profile calculated as a result of solving the inverse problem. A good profile coincidence takes place in both non-defect area and defect center, meanwhile there is a specific 'smashing' phenomenon occurring along defect boundaries.
The analysis has shown that temperature strongly depends on the following parameters: heat exchange coefficient on the external surface, ambient temperature and meteorology. The influence of external heat exchange is illustrated in figure 7 .
Since a typical value of a heat exchange coefficient is in the range 15-40
influence on sound temperature is not too significant, meanwhile an error in determining a defect temperature could reach 100 o C that leads to an error in determining the internal radius about 10 cm. Hence, it is necessary to determine the heat exchange iteratively in the course of computations.
The influence of defect size on external temperature was analyzed within the 3D model by altering defect dimensions. A spatial step between two nodes was 0.125 m, defect depth -0.06 m. As it was expected, the smaller is the defect the lower is the temperature signal (see figure 8 ) that is the result of 3D heat diffusion around the defect. This effect will lead to further errors when determining a depth of small size defects.
A non-linear increase in external temperature with growing defect depth is illustrated with figure 9 (thermal insulation thickness was always 15 cm in numerical calculations).
The purpose of our theoretical analysis was calculating kiln external temperature. Of course, the same model can be used to study relationships between other parameters.
For a more practical use, we have developed the "ThermoInspector-1" and "ThermoInspector-2" computer programs intended for processing experimental data supplied by our "Introcon-04" line scanner. The latter system was developed at Tomsk Polytechnic University to be exclusively used in the inspection of rotary kilns ( figure 10) . Figure 11 shows the example of data presentation provided by an "Introcon-04" system. Results of computer modeling are used to compile a defect map that exhibits defect with thermal insulation loss more than allowed.
Conclusions
 The proposed numerical model proved its validity in calculating both internal and external kiln temperature, as well in evaluating kiln internal radius.  While identifying small-size defect, a high thermal conductance of kiln metallic shell is to be taken into account.  The external surface thermal parameters are to be determined with a very high accuracy to ensure reasonable estimates of a kiln internal radius.  The proposed model can be recommended not only for NDT purposes. It can be helpful in understanding the processes that occur in rotary kilns, as well as in designing new types of kilns. Numerical analysis is cheap and allows simulating any kiln regime, including that leading to possible accidents, meanwhile on-site experiments are typically cumbersome and long-continued. 
